Abstract: Vertebrate MyoD family of transcription factors contains four members including MyoD, Myf5, Myogenin and MRF4. These myogenic regulatory factors (MRFs) play key roles in regulating skeletal muscle development and growth. Evolutionary analysis suggests that the four vertebrate MRF genes were derived by gene duplications from a single ancestral gene during chordate evolution. Better understanding of the structure and regulation of MyoD expression in amphioxus Branchiostoma belcheri may provide insight into the evolutionary history of myogenic gene duplications because of the unique position of amphioxus in evolution. We report here that isolation and characterization of a new MyoD gene, AmphiMyoD, in B. belcheri. Sequence analysis revealed that the AmphiMyoD is more closely related to myogenic transcription factors in invertebrates and vertebrates compared with the previously identified three MyoD like genes in amphioxus, suggesting that the AmphiMyoD might be the closest relative of the ancestral myogenic gene. To determine if the AmphiMyoD gene promoter controls muscle-specific expression, the AmphiMyoD promoter was linked with the green fluorescence protein (GFP) reporter and the construct was microinjected into zebrafish embryos for transient expression assay. AmphiMyoD promoter directed skeletal muscle-specific GFP expression in zebrafish embryos. In addition, it also drove GFP expression in cardiac muscles of the injected embryos, but not in other non-muscle tissues. These data demonstrated that the AmphiMyoD promoter contained regulatory elements for skeletal and cardiac muscle-specific expression. Moreover, the regulatory element(s) could function across species.
Introduction
The development of skeletal muscles is controlled by members of the MyoD family known as myogenic regulatory factors (MRF) that include MyoD, Myf5, myogenin and MRF4 in vertebrates. The MRF proteins share similar structures. They contain a highly conserved basic helix-loop-helix domain (bHLH) of approximately 60 amino-acids involved in DNA binding and protein dimerization (Murre et al. 1989; Atchley et al. 1994) . MRFs recognize a specific consensus sequence known as the E-box (CAnnTG) present in the promoters of many skeletal-muscle-specific genes (Blackwell & Weintraub 1990; Atchley et al. 1994) . Binding of the Ebox by MRFs and their co-factors known as E proteins activate the expression of muscle-specific genes and the myogenic differentiation programs.
Gene knockout studies have demonstrated a hierarchical and redundant relationship among the MRF genes in mice (Megeney & Rudnicki 1995; Rudnicki & Jaenisch 1995; Wang et al. 1996) . MyoD and Myf5 are myogenic determining genes that are involved in early myoblast specification. Mice lacking a functional MyoD or Myf5 gene exhibited no significant abnormalities in skeletal muscles (Braun et al. , 1994 Rudnicki et al. 1992) . However, MyoD and Myf5 double mutant mice had severe defect in myoblast formation suggesting that MyoD and Myf5 may play a redundant role in myoblast specification (Rudnicki et al. 1993) . In contrast to MyoD and Myf5 mutants, myogenin and MRF4 are considered myogenic differentiation genes. They are primarily involved in the late steps in myoblast differentiation. Myogenin mutant mice had normal numbers of MyoD expressing myoblasts, however, Table 1 . Primers used for isolation of MyoD gene in amphioxus (B. belcheri).
Name Sequence
Ap1 5'-GTAATACGACTCACTATAGGGC-3' Ap2 5'-ACTATAGGGCACGCGTGGT-3' MRF-p1
5
'-TT(T/C)CT(C/G)AGGATCTCCACCTTGGG(C/A)AG-3' MRF-p2 5'-CCACCTTGGG(C/A)AG(T/C/A)C(T/G)CTG(A/G)(T/C)TGGGGTT-3' AmphiMyoD-p1
5'-TCTGGACGACTCGGACGAACAAGT-3' AmphiMyoD-p2 5'-GTAAGAGGAAATCCGTGACTGTAG-3' Race-Ap1 5'-CCATCCTAATACGACTCACTATAGGGC-3' Race-Ap2 5'-ACTCACTATAGGGCTCGAGCGGC-3'
the myoblasts failed to differentiate into muscle fibres, suggesting that myogenin is required for myoblast differentiation (Hasty et al. 1993; Nabeshima et al. 1993; Venuti et al. 1995) . While four members of the MRF gene family have been identified in mammals, birds, amphibian and fish, only one myogenic gene has been found in invertebrates, including jellyfish (Muller et al. 2003) , nematodes (Krause et al. 1990 ), Drosophila (Michelson et al. 1990 ), sea urchin (Venuti et al. 1991; Beach et al. 1999) , and ascidians (Araki et al. 1994) . However, the function of MRFs appears to be conserved during evolution because the sea urchin MRF gene could activate muscle programming in mice (Venuti et al. 1991) . The four myogenic genes in vertebrates are believed to have been generated by gene duplication from one ancestor gene in invertebrates during the chordate evolution (Atchley et al. 1994; Araki et al. 1996) . The evolutionary history of MRF gene duplications, is, however, still unclear. Phylogenetic analysis suggests that a single ancestral myogenic transcription factor initially split into two lineages early in evolution of vertebrates. MyoD and Myf-5 evolved from one of these vertebrate lineages while myogenin and MRf4 were generated from the second lineage (Atchley et al. 1994) .
Amphioxus Branchiostoma belcheri, a cephalochordate, has been regarded as the living fossil closest to the vertebrates. To better understand the structure and regulation of MRF gene expression in amphioxus may provide insights into the evolutionary aspects of MRF genes. In the past few years, several studies have been reported on the isolation and characterization of myogenic genes in amphioxus. Results from these studies were, however, very controversial. Yuan et al. (2003) reported that there was only one myogenic determining gene (AmphiMDF) in B. belcheri. These investigators further proposed that AmphiMDF was the ancestral myogenic gene of vertebrate MRFs (Yuan et al. 2003) . In contrast, two other studies have demonstrated that there are at least two MyoD family members in amphioxus Branchiostoma floridae and B. belcheri (Araki et al. 1996; Schubert et al. 2003) . The two MyoD genes exhibited partially overlapping patterns of expression in the paraxial mesoderm and developing somites in amphioxus embryos as well as they also exhibited their unique patterns of expression (Schubert et al. 2003) . At present, little is known about the structure of MRF gene and regulation of their muscle-specific expression in amphioxus.
To determine the structure and regulation of MRF gene expression in amphioxus, here we report the isolation and characterization of a new MyoD gene from B. belcheri. Compared with other three MyoD genes characterized in amphioxus, AmphiMyoD shares higher sequence identity with vertebrate and invertebrate myogenic genes, suggesting that the AmphiMyoD might be closely related to the ancestral myogenic gene that gave rise to the multiple myogenic genes in vertebrates. To determine if the AmphiMyoD promoter could regulate muscle-specific expression, the activity and specificity of the AmphiMyoD promoter was analysed in zebrafish embryos by transient expression assay. Strikingly, a 1.2 kb AmphiMyoD promoter was able to direct both skeletal and cardiac muscle specific green fluorescent protein (GFP) expression in the injected zebrafish embryos. These data indicate that the molecular mechanism controlling the skeletal expression might be conserved between amphioxus and zebrafish. Moreover, amphioxus MyoD promoter contains specific regulatory elements for cardiac muscle expression.
Material and methods

Isolation of amphioxus MyoD gene
Amphioxus MyoD genomic gene was isolated as two overlapping DNA fragments by a PCR-based GenomeWalker method (Clontech). Briefly, amphioxus genomic DNA was completely digested with restriction enzymes (Dra I, EcoR V, Pvu II and Stu I) to produce blunt ended DNA fragments. The digested DNA was then ligated with a DNA adaptor. The resulting product was the GenomeWalker library. The library was used as templates for PCR amplification of MyoD using two adaptor-specific primers (Ap1 and Ap2, Table 1) together with two MRF-consensus primers (MRF-p1 and MRF-p2, Table 1 ). Specifically, the promoter sequence and part of the first exon I of MyoD gene was isolated by two rounds of PCR using the consensus primers, MRF1 and MRF2, and the adapter primers, Ap1 and Ap2 (Clontech). The rest of the exon 1, complete intron 1, exon 2 and partial intron 2 were isolated by PCR using two AmphiMyoD gene-specific primers (AmphiMyoD-p1 and AmphiMyoDp2, Table 1 ) from exon 1 together with the Ap1 and Ap2 adapter primers using the GenomeWalker libraries. All PCR fragments were cloned into pGEM-T easy cloning vector (Promega) and used for sequence analysis.
Isolation of AmphiMyoD cDNA by 3' RACE To clone the AmphiMyoD cDNA, a 3' rapid amplification of cDNA ends (RACE) method was performed using total mRNA extracted from adult amphioxus. Total RNA was first isolated from 50 adult amphioxus. Poly(A) mRNA was then purified by oligo-dT column (Ambion, Austin, TX). Poly(A) mRNA was used to construct a cDNA library using a Marathon cDNA Amplification kit (Clontech). The AmphiMyoD cDNA was cloned from the cDNA library by RACE using the AmphiMyoD-p1 and AmphiMyoD-p2 primers together with the adaptor primers (Race-Ap1 and Race-Ap2, Table 1 ).
Construction of AmphiMyoD-GFP transgene
To prepare the AmphiMyoD-GFP DNA construct, the 1.2 kb promoter region of the AmphiMyoD gene was first isolated by PCR using the gene-specific primer (AmphiMyoDpro:
GTCGACCCCGCTTTTACAGTAACATAAAAC) based on the 5'-untranslated region (UTR) sequence together with the Ap2 primer. The plasmid clone containing the promoter and first intron sequence was used as DNA template. To minimize mutations introduced by PCR, pfu DNA polymerase was used in the PCR reaction. A Sal I site was introduced at the 3' end of the 5'-UTR primer. The PCR fragment including the promoter and the 5'-UTR sequence was first cloned in the Sma I site of the Bluescript SK vector. The insert was then released from this plasmid by Sal I digestion and cloned into the Sal I site of a GFP vector (Du & Dienhart 2001) . The resulting plasmid was designated as AmphiMyoD-GFP.
Microinjection
Mature zebrafish were raised at the zebrafish facility at Center of Marine Biotechnology, University of Maryland Biotechnology Institute. The fish were maintained at a photoperiod of 14 h light and 10 h dark in 8-gallon aquariums supplied with freshwater and aeration. Fertilized eggs were collected by putting one male with one female in a spawning chamber. For DNA microinjection, plasmid DNA was dissolved in distilled H2O to a final concentration of 50 µg/mL. A final concentration of 0.1% phenol red was added to the DNA solutions to facilitate visualization during microinjection. Approximately 2 nL of DNA solution was microinjected into the cytoplasm of zebrafish embryos at the oneor two-cell stage. Injected embryos were raised as described in by Westerfield (1995) , and staged according to Kimmel et al. (1995) .
Whole mount antibody labelling For antibody labelling, chorion was removed from 24 hours post fertilization (hpf) embryos and fixed in 4% pformaldehyde in 1×PBS (phosphate buffered saline) for 1 h at room temperature. Embryos were washed twice for 5 min in 1×PBST (0.1% Tween-20 in 1×PBS). Then the embryos were soaked in cold acetone for 10 min at −20
• C, and washed twice for 5 min in 1×PBST. For labelling using anti-GFP antibody, the embryos were incubated with avidin blocking reagent (Vector, Burlingame, CA) and 10% goat serum in PBST for 30 min at room temperature, then rinsed twice in PBST for 5 min, and subsequently incubated with 1:1000 diluted anti-GFP antibody (Molecular Probe) together with biotin blocking reagent (Vector, Burlingame, CA) overnight at 4
• C with shaking. The embryos were washed three times for 30 min with PBST, followed by incubation with 1:1000 diluted biotin-labelled anti-rabbit secondary antibody (diluted in PBST) for 1 h at room temperature. The embryos were washed three times for 20 min each with PBST and incubated with 1 mL of ABC solutions (avidin biotin complex) for 30 min at room temperature. Then embryos were washed three times for 30 min each in PBST and incubated in diaminobezidine staining solution (0.05% diaminobezidine, 0.04% H2O2, 1×PBS) at room temperature for approximately 5-10 min. The staining was monitored and stopped by washing twice for 10 min with PBST. Embryos were photographed in PBST.
Results
Isolation and characterization of a new MyoD gene from amphioxus B. belcheri To isolate myogenic genes from amphioxus, an amphioxus GemoneWalker library was constructed (see Materials and methods section). A new amphioxus MyoD gene (AmphiMyoD) was isolated from the DNA library by PCR using primers from the consensus sequence of the bHLH region in the vertebrate MRF genes together with the anchor primers. Two overlapping PCR fragments were generated and subsequently cloned and sequenced. One fragment contained the promoter sequence and part of the first exon of the AmphiMyoD gene, while another fragment contained the rest of exon 1, complete intron 1 and exon 2 and partial intron 2. Because of the large size of the second intron, the above PCR approach was not able to isolate the sequence of exon 3 and the 3'-UTR. Thus, the genomic clone contains only the promoter sequence and the first two exons at the 5' region of the AmphiMyoD gene. To determine the complete cDNA sequence of the AmphiMyoD, the missing sequence at the 3' region was isolated by 3' RACE using poly(A) mRNAs from adult amphioxus.
The sequence of above AmphiMyoD genomic clones and the cDNA clone was determined. The predicted open reading frame of AmphiMyoD was 777 bp long that encodes 258 amino acids (Fig. 1) . The intron/exon positions were deduced by comparison of the cDNA sequence with the genomic clone. Sequence analysis revealed that the exon/intron boundaries were highly conserved with that of vertebrate myogenic bHLH genes ( Fig. 1) . As in other myogenic bHLH genes, the first exon contains the highly conserved bHLH domain involved in DNA binding. The AmphiMyoD genomic clone contains a 1.2 kb flanking sequence including the promoter and the 5'-UTR.
Amphioxus B. belcheri contains multiple MyoD-like genes in the genome Recent studies by others have identified three other MyoD-like genes in B. belcheri, named AmphiMDF, AmphiMyoD1 and AmphiMyoD2, respectively (Yuan et al. 2003 ; GenBank accession numbers: AB092415, AB092416). Comparison of their sequences with that of AmphiMyoD clearly demonstrated that AmphiMyoD represents a new myogenic bHLH gene in amphioxus (Fig. 1) . AmphiMyoD shares 51% identity with AmphiMyoD1, while 34% and 38% identity with AmphiMyoD2 and AmphiMDF, respectively. AmphiMyoD is, therefore, more closely related to AmphiMyoD1. The AmphiMyoD2, however, appears to be closely related toAmphiMDF because they share 73% identity at the protein level (Table 2) . Together, these data suggest that there are multiple myogenic bHLH genes in amphioxus B. belcheri, and they appeared to be To trace the evolutionary history of myogenic bHLH gene duplication during evolution, the deduced full-length protein sequence and the conserved bHLH domain were compared among various invertebrate and vertebrate myogenic gene products. The data revealed that compared with other three amphioxus MyoD genes, AmphiMyoD shared more sequence identity with myogenic genes in both invertebrate and vertebrate species. At the full-length protein level, the identity shared with AmphiMyoD ranged between 12-43% compared with myogenic genes from jellyfish to mouse (Table 2). As expected, the bHLH domain was the region exhibiting the highest homology. The identity in this region ranged from 37% to 88% compared with myogenic genes in these species (Table 2) . Unlike AmphiMyoD, other three amphioxus MyoD genes shared less sequence identity with myogenic genes in invertebrate and vertebrate species. AmphiMDF shares 32-75% identity in the bHLH domain with myogenic genes from these species analysed, while AmphiMyoD1 and AmphiMyoD2 share 35-79% or 32-74% identity with these myogenic genes, respectively (Table 2 ). In addition to the bHLH domain involved in DNA binding, a 'helix 3' of Tapscott domain required for efficient initiation of gene expression was also identified at the C-terminal region in all amphioxus MyoDs (Fig.1) .
Phylogenetic analysis was performed using the full protein sequences of members of the MyoD family in invertebrates and vertebrates. The results showed that the four myogenic genes in amphioxus B. belcheri formed one closely related group rather than separated into the four groups representing the MyoD, Myf5, myogenin and MRF4 in vertebrates (Fig. 2) . Interestingly, similar to the MyD/Myf5 and myogenin/MRF4 subgroups in vertebrates, the four myogenic genes in amphioxus appear in two subgroups as AmphiMyoD/AmphiMyoD1 and AmphiMyoD2/ Fig. 2 . Phylogenetic analysis of AmphiMyoD sequence relative to myogenic genes of amphioxus and other invertebrate and vertebrate species. The deduced protein sequences were used in the Clustal-X sequence alignment program. It is of note that the four amphioxus MyoD genes are in the same group rather than segregated with the four members of the MyoD family in vertebrates. The accession numbers of these genes are: Amphi-MyoD1 (AB092415); Amphi-MyoD2 (AB092416); AmphiMDF (AY066009); Caenorhabditis briggsae CbMyoD (U05000); Caenorhabditis elegans CeMyoD (M59940); Trichinalla spiralis tsmyd1 (U42218); Drosophila melanogaster nau (X56161); Strongylocentrotus purpuratus SUM-1 (AF143808); Lytechinus variegatus (M69052); Xenopus MyoD (X16106); Xenopus Myf-5 (X56738); Xenopus MRF-4 ( S84990); Xenopus myogenin U1 (AY046531); Xenopus myogenin U2 (AY046532); Danio rerio MyoD (NM131262); Danio rerio myf5 (NM 131576); Danio rerio myogenin (NM 131006); Gallus gallus MyoD (L34006);Gallus gallus myogenin (D90157); Gallus gallus MRF4 (D10599); Gallus gallus myf-5 (X73250); mouse Myf5 (NM 008656); mouse MyoD (NM 010866); mouse myogenin (NM 031189); mouse Myf6 (NM 008657); human myogenin (NM 002479); human Myf5 (NM 005593); human Myf6 (NM 002469); human MyoD (NM002478); fugu Mrf-4 (AJ308546); fugu Myf-5 (AJ308546); fugu MyoD (FM:M001617; scaffold 1617); jellyfish JellyD1 (AY177403); Ciona intestinalis CiMDFa (U80079); Ciona intestinalis CiMDFb (U80080).
AmphiMDF (Fig. 2) . Because of the high sequence identity within each subgroup, it indicates that these four genes in amphioxus were generated by duplication occurred after the divergence of amphioxus from vertebrate. Moreover, since the AmphiMyoD is closer to vertebrate and invertebrate myogenic genes than other three amphioxus myogenic genes, it is also suggested that AmphiMyoD might be more closely related to the prototype myogenic gene, while other amphioxus myogenic genes may represent divergent members of the family. These data could suggest that at least two duplication events occurred in amphioxus that produced four MRF genes. However, these duplications were independent from the gene duplication events that generated the four myogenic genes in vertebrates.
Amphioxus MyoD promoter directs GFP expression in skeletal and cardiac muscles in zebrafish embryos
Members of the myogenic genes are specifically expressed in paraxial mesoderm and developing somites of amphioxus embryos (Schubert et al. 2003) . The regulatory mechanism of the muscle-specific expression has not been investigated because the lack of available assay system in amphioxus. To study the regulation of AmphiMyoD gene expression and to determine if AmphiMyoD promoter could direct gene expression in muscle cells, we used zebrafish embryos as an alternative system to test if the AmphiMyoD promoter could direct expression of reporter gene, such as GFP, in muscle cells. Zebrafish embryos have been used successfully as an in vivo assay system for analysing the regulation of muscle specific gene expression (Chen et al. 2001; Tan & Du 2002; Du et al. 2003) .
The promoter sequence of AmphiMyoD (1.2 kb) was linked with the GFP reporter gene. The resulting gene construct, AmphiMyoD-GFP, was microinjected into zebrafish embryos for transient expression analysis of muscle-specific expression. GFP expression in the injected embryos was monitored by direct observation under fluorescence microscope. Approximately 54% of the AmphiMyoD-GFP (n = 267) injected embryos exhibited muscle-specific GFP expression (Fig. 3A) . Strikingly, we found that over 60% of the microinjected embryos (n = 267) showed GFP expression in cardiac muscles (Fig. 3 E,G) . Some of the embryos expressed GFP in both skeletal and cardiac muscles (Fig. 3E) . The AmphiMyoD promoter appeared highly tissue-specific for skeletal and cardiac muscles because no GFP could be detected in other tissues. To confirm the muscle specificity of the GFP expression, the injected embryos were analysed by whole mount antibody staining using anti-GFP antibodies. The results showed that GFP was indeed specifically expressed in skeletal and cardiac muscles of AmphiMyoD-GFP injected embryos (Fig. 3 C,I ,J). The mosaic pattern of GFP expression in skeletal muscles was typical with transient expression studies in zebrafish embryos (Westerfield et al. 1992; Du & Dienhart 2001) . To determine if the AmphiMyoD is expressed in cardiac muscles in amphioxus embryos, whole mount in situ hybridization was used to analyse AmphiMyoD expression in amphioxus embryos of several developmental stages. Unfortunately, little or no expression could be detected by this method (data not shown), suggesting that the AmphiMyoD might not be expressed or is expressed at very low level in the cardiac muscles in amphioxus. These data indicated that the AmphiMyoD promoter contains regulatory elements for skeletal and cardiac muscle-specific expression. The skeletal muscle specificity appears to be conserved between amphioxus and zebrafish. The cardiac muscle activity is, however, surprising, because MyoD is exclusively expressed in skeletal muscles in fish and other vertebrates. The promoter activity in cardiac muscles of zebrafish embryos could be due to an ectopic activity of the promoter, which does not mimic the expression of the endogenous gene. Sequence analysis revealed that the AmphiMyoD promoter contains conserved a regulatory sequence for binding with MEF3 (TCAGGTT) and several non-canonical E-box sequences (CAAGTT) for muscle-specific expression. The AmphiMyoD promoter provides a useful tool for targeting the expression of genes of interests in skeletal and cardiac muscles of zebrafish embryos.
Discussion
In this study, we have isolated and characterized a new member of the MyoD family (AmphiMyoD) in amphioxus. Sequence analysis revealed that AmphiMyoD shares more identity with vertebrate and invertebrate myogenic genes compared with other three amphioxus MyoD-like genes. These data suggest that the AmphiMyoD may be closely related to the ancestral myogenic gene that gave rise to the four vertebrate myogenic genes during evolution. Moreover, because the four myogenic genes in amphioxus are grouped together in a phylogenetic tree analysis rather than segregated with the four members of the MyoD family in vertebrates, it is proposed that gene duplications generating the multiple myogenic genes in amphioxus were independent from duplications that produced the four vertebrate myogenic genes.
To determine if the AmphiMyoD gene promoter controls muscle-specific expression, the activity and specificity of the AmphiMyoD promoter was analysed in zebrafish embryos. Unlike the vertebrate MyoD promoters that are exclusively skeletal-specific, the AmphiMyoD promoter exhibited tissue specificity in both skeletal and cardiac muscles in zebrafish embryos. These data indicate that the activity of AmphiMyoD promoter might not be exclusively restricted to skeletal muscles as in vertebrates. The AmphiMyoD promoter may contain regulatory elements for cardiac muscle expression.
Evolutionary aspect of amphioxus MyoD genes
Vertebrates contain four myogenic genes, while invertebrates have only one. It has been proposed that the single ancestral myogenic gene in invertebrates was duplicated twice to generate the four MRF genes in vertebrates (Atchley et al. 1994) . The evolutionary history of these duplications to generate the four myogenic genes in vertebrates remains unclear. Increasing numbers of evidence suggest that the entire genomes were duplicated twice during the evolution of vertebrates from deuterostome ancestors (the 'one-to-two-to-four' rule) (Meyer & Schartl 1999) . Ohno (1970) proposed that genome expansion perhaps by polyploidy, had occurred in the chordate phylum, after the separation of urochordates but before the origin of cephalochordates and vertebrates. This hypothesis has been modified based on studies in the past decade of a large number of genes from ascidia, amphioxus and vertebrates (Holland 1999) . Comparison of gene numbers and phylogenetic analysis suggest that the major phase of gene duplication have occurred after divergence of vertebrate lineage from the cephalochordate lineage (Holland 1999 obox gene classes (Garcia-Fernandex & Holland 1994; Holland 1999) . Based on this theory, Yuan et al. (2003) proposed that the amphioxus genome contains only one myogenic bHLH gene named AmphiMDF, and the four myogenic genes in vertebrates were derived from the single ancestral gene (AmphiMDF) through these two rounds of genome wide duplications. Results from our study and those by other authors (Araki et al. 1996; Schubert et al. 2003) have shown that there are multiple myogenic genes in amphioxus, and the AmphiMDF genes appeared to be generated after the divergence of amphioxus from vertebrates, thus, they argue against the above-mentioned hypothesis.
The presence of multiple myogenic genes in amphioxus raises the question of whether duplication of the ancestral myogenic gene might occur before the divergence of vertebrates and amphioxus, and whether the four amphioxus genes gave rise to the four myogenic genes in vertebrates directly. Several pieces of evidence suggest that this hypothesis is also unlikely. First, phylogenetic analyses revealed that there was no specific relationship between a particular member of the myogenic genes in amphioxus and any members of the vertebrate MyoD, Myf5, myogenin or MRF4 genes. The four amphioxus MyoD genes formed an isolated group in the phylogenetic tree. Second, sequence analysis revealed that the four amphioxus myogenic genes shared more identity among each other than with the vertebrate myogenic genes. These data suggest that the amphioxus myogenic genes were generated by duplications that occurred after the divergence of cephalochordate lineage from the vertebrate lineage. It is noteworthy that two MyoD genes (AmphiMRF1 and AmphiMRF2) have recently been identified in amphioxus B. floridae (Schubert et al. 2003) . AmphiMRF1 encodes a putative protein of 259 amino acids, while AmphiMRF2 is 1,248 bp long and encodes a putative protein of 229 amino acids. The size of AmphiMRF1 is very similar to AmphiMyoD1 (258 residues) in B. belcheri, while the AmphiMRF2 is very similar in size to AmphiMyoD2 (226 residues) in B. belcheri. The absence of sequence information for AmphiMRF1 and AmphiMRF2 prevents sequence comparison at present. However, these data suggested that duplication of MyoD genes in amphioxus occurred before the divergence of these two species that may occurr 110-190 million years ago (Nohara et al. 2001) .
All current data support a theory proposed by Araki et al. (1996) , who suggested that there were independent gene duplications in amphioxus after divergence of amphioxus from vertebrate lineage that resulted in the production of multiple MyoD genes in amphioxus. One of the MyoD gene in amphioxus might represent the close relative of the ancestral myogenic gene that generated the four MRF genes in vertebrates by gene duplications at the origin of the vertebrates. As for which amphioxus MyoD might represent the direct descendant of the ancestral myogenic genes that produced the four vertebrate myogenic genes, our data suggest that the AmphiMyoD might be the prototypical MyoD gene. This is because the AmphiMyoD shares higher sequence identity with both invertebrate and vertebrate myogenic genes compared with other three myogenic genes in amphioxus.
The presence of multiple myogenic genes in amphioxus genome may provide a competitive advantage for early chordates. It has been shown that although ascidian (Ciona intestinalis) genome contains only a single MyoD gene, this gene encodes two different proteins from alternative splicing (Meedel et al. 1997 ). These two proteins are differently expressed. The multiple genes or isoforms may be required for the divergence of multiple types of muscle cells. In addition, by doing so they also provided the molecular foundation for regulatory networks that vertebrates eventually exploit to regulate skeletal muscle development. Such independent gene duplications appeared to occur in many genes in amphioxus (Minguillon et al. 2002) . These include HNF-3 (Shimeld et al. 1997) , muscle actin (Kusakable et al. 1997) , cholinesterase (Sutherland et al., 1997) , and tyrosine kinase (Suga et al. 1999) . Interestingly, three genes were identified for calmodulin-like gene and protein tyrosine phosphatases (Karabino & Bhattacharya 2000; Ono-Koyanagi et al. 2000) . These data together indicate that although the amphioxus morphology may have remained relatively invariant since the divergence from the vertebrate lineage, the amphioxus genome has not escaped evolution. Therefore, the amphioxus should not be considered the ancestor of the vertebrate, but the close living relative to the ancestor with a mix of prototypical and amphioxus-specific features in its genome (Minguillon et al. 2002) .
Muscle specificity of the amphioxus MyoD promoter
We have demonstrated that the AmphiMyoD promoter could direct the GFP expression in skeletal and cardiac muscles of zebrafish embryos. The skeletal muscle specificity is consistent with the expression pattern of MyoD genes in amphioxus (Schubert et al. 2003 ) and the activity of MyoD promoters in zebrafish (Du et al. 2003) . These data suggest that some of the regulatory elements for skeletal muscle-specific expression might be conserved between these two species. Consistent with this idea, one MEF3 binding site (TCAGGTT) and several non-canonical E-box sequences (CAAGTT) were found in the 1.2 kb AmphiMyoD gene promoter. The cardiac muscle-specificity of the AmphiMyoD promoter is intriguing. It raises a question of whether the AmphiMyoD gene is expressed in both skeletal and cardiac muscles in amphioxus. We have attempted to answer this question by analysing the expression of AmphiMyoD in amphioxus embryos by whole mount in situ hybridization. Unfortunately, we failed to detect its expression in cardiac muscles of amphioxus embryos by whole mount in situ hybridization (data not shown). This could be due to the low levels or no expression of AmphiMyoD in cardiac muscles. Thus, at present it is not clear whether the cardiac muscle activity of the AmphiMyoD promoter is of any biological relevancy. However, it should be noted that MyoD expression has been demonstrated in non-skeletal muscle cell lineage in sea urchin (Beach et al. 1999) . The SUM, i.e. the sea urchin MyoD homologue, was expressed in a ventrolateral cluster of cells on either side of the archenterons in the sea urchin embryos (Beach et al. 1999) . These cells are a subpopulation of primary mesenchyme cells that develop into skeleton (Ettensohn & Ingersoll 1992) . We cannot rule out the possibility that in cephalochordate, the skeletal and cardiac muscle lineages are not specified as they are in vertebrates, and AmphiMyoD might be expressed in both cell lineages. In vertebrates, myogenic expression is restricted to skeletal muscles. It is likely that other myogenic genes are evolved to control myogenesis of cardiac muscles in vertebrates.
In summary, in this study we have isolated and characterized a member of the MyoD gene family from amphioxus. Sequence analyses revealed that it represents the ancestral form of myogenic gene. Promoter analysis revealed that AmphiMyoD gene promoter could direct tissue-specific GFP expression in skeletal and cardiac muscles of zebrafish embryos. Together, these data suggested that the AmphiMyoD promoter was sufficient to direct muscle-specific expression, and the regulatory elements might be conserved during evolution. The cardiac muscle specificity is intriguing. It provides a useful promoter for targeting gene expression in zebrafish cardiac muscles. The biological relevance of the cardiac muscle specificity, however, remains to be determined.
